Manganese monophosphate MnP single crystal deserves attention due to its rich magnetic phase diagram, which is quite different depending on the direction of the applied magnetic field. Generally speaking, it has a Curie temperature around 291 K and several other magnetic arrangements at low temperatures ͑cone-, screw-, fan-, and ferromagnetic-type structures͒. This richness is due to the strong magnetocrystalline anisotropy. In this sense, the present paper makes a thorough description of the influence of this anisotropy on the magnetocaloric properties of this material. From a fundamental view we could point out, among those several magnetic arrangements, the most stable one. On the other hand, from an applied view, we could show that the magnetic entropy change around room temperature ranges from −4.7 to − 3.2 J / kg K, when the magnetic field ͑5 T͒ is applied along the easy and hard magnetization directions, respectively. In addition, we have shown that it is also possible to take advantage of the magnetic anisotropy for magnetocaloric applications, i.e., we have found a quite flat magnetic entropy change ͑with a huge relative cooling power͒, at a fixed value of magnetic field, only rotating the crystal by 90°.
I. INTRODUCTION
Magnetic refrigeration is a promising technology and therefore the attention of researchers to this subject is increasing in a fast pace. This technology, based on the magnetocaloric effect ͑discovered in 1881 by Warburg 1 ͒, is of easy understanding: application of a magnetic field to a magnetic material, under adiabatic conditions, makes the temperature of such material to increase. On the other hand, under isothermal conditions ͑when the magnetic material is in thermal contact with a thermal reservoir͒, application of a magnetic field induces a heat exchange between the material and the reservoir. From these two processes it is possible to create a thermomagnetic cycle and thus a magnetocaloric device, such as air-conditioners, refrigerators, and more.
The physical quantities that measure the magnetocaloric potential are the magnetic entropy change ⌬S and adiabatic temperature change ⌬T. The magnetic entropy change is more common to be found in the literature, since we only need to know the magnetization map, i.e., M͑H , T͒, around the Curie temperature of the material. In addition to the quite often use of the magnetic entropy change to characterize the magnetocaloric potential of materials, it is also used to understand the fundamental physical properties of the material. 2 From the applied view, a lot of families of materials have been studied by the scientific community, which makes a great effort to find a good material for magnetocaloric application, i.e., a material of low cost, good thermal conductivity, low electrical resistivity, strong magnetocaloric effect ͑MCE͒, etc. We can cite some families: La-Fe-Si, 3, 4 Gd-Si-Ge, 5-7 intermetallics, [8] [9] [10] [11] and, mainly, the Mn-based materials, such as manganites, 2,12,13 shape memory alloys Ni 2 MnGa, 14, 15 MnFe͑P,As͒, 16 and MnAs ͑Refs. 17-20͒ ͑it is also interesting to cite the 1950s pioneer work of Fakidov and Krasovskii 21 on the MCE of MnP polycrystal around room temperature͒. Concerning the MnAs compound, recently, some Brazilian groups published a series of papers presenting the colossal magnetic entropy change of this material. [17] [18] [19] [20] At ambient pressure this material has 40 J / kg K at 318 K at 5 T, increasing up to 267 J / kg K at 280 K at 5 T at 2.2 kbar. 19 Small iron substitution on the Mn site, i.e., Mn 1−x Fe x As, induced a chemical pressure and therefore 320 J / kg K was obtained at 310 K, 5 T and ambient external pressure. 18 On the other hand, anisotropic magnetocaloric effect has also been extensively studied by several groups, [22] [23] [24] [25] [26] being a quite actual issue within the magnetocaloric research, since it fits applied and fundamental aspects.
In this sense, the MnP single crystal deserves attention due to two features: it belongs to the parent MnAs family and also has a strong magnetocrystalline anisotropy. Thus, the present paper has two branched ideas: from one side, we propose to take advantage of the strong magnetocrystalline anisotropy for magnetocaloric applications; and from the other side, we have used the magnetic entropy change to understand the fundamentals of the rich magnetic phase diagram that arises for this single crystal, also due to the magnetocrystalline anisotropy.
II. MnP PHASE DIAGRAM
MnP has an orthorhombic structure ͑a = 5.92 Å, b = 5.26 Å, c = 3.17 Å͒, 27 belongs to the Pnam space group ͑62͒ and, in this paper, we define a Ͼ b Ͼ c. The phase diagram of MnP single crystal was already described in some papers. [27] [28] [29] [30] [31] [32] The character of the magnetic phases, both in zero and nonzero magnetic fields, is influenced by the orthorhombic magnetocrystalline anisotropy. Below, we make a complete description of the phase diagram, drawn in Fig. 1 , with the magnetic field applied to the three main directions of the crystal.
Magnetic field parallel to c axis (͗001͘)-easy axis. For low values of magnetic field, decreasing temperature, MnP becomes ferromagnetic ͑FM͒ at T C = 291 K, with its magnetic moment along this c ͑easy͒ axis. Further cooling leads to a first order transition at T s = 47 K, from FM to a screw ͑SCR͒ structure. In this SCR phase, the Mn magnetic moments are confined within the bc plane, perpendicular to the a axis. At 4 K a full rotation is completed roughly each 9a. 30 At low temperatures ͑Ͻ47 K͒, increasing magnetic field, SCR phase changes back to the FM phase. This change in arrangement has a first order character. Figure 1͑c͒ illustrates this phase diagram.
Magnetic field parallel to b axis (͗010͘)-intermediate axis.
For low values of magnetic field, decreasing temperature, MnP also becomes ferromagnetic ͑FM1͒ at T C = 291 K, with its magnetic moment aligned along the c ͑easy͒ axis. Further cooling leads to a first order transition at T s =47 K, from FM1 to the SCR structure. At low temperatures ͑Ͻ47 K͒, increasing magnetic field, SCR phase changes to FAN structure ͑first order transition͒. The difference with the SCR phase is that here ͑FAN͒, the magnetic moment does not perform a full rotation in the bc plane as we move along the a direction, but instead it oscillates about the b axis like a fan. Let us remember that in this case the magnetic field is applied along the ͗010͘ direction ͑b axis͒. Further increase of the magnetic field leads the system to a fully polarized ar- 32͔͒. These three panels correspond to the magnetic field applied along the three main directions of the crystal ͑͗100͘, ͗010͘, and ͗001͒͘. These labels have the following meaning: PM-paramagnetic phase, SCR-screw phase, FM1-magnetic moment along the ͗001͘ easy direction, FM2-magnetic moment along the applied magnetic field, CEP-critical end point, TPtriple point, and LP-Lifshitz point. The thick and thin lines represent, respectively, first and second order transitions. rangement ͑FM2͒ along the b axis ͑second order transition͒. Between 47 K and the Lifshitz point ͑LP͒ at 121 K, 27, 30, 31 upon increasing the magnetic field, the system has a first order transition from the FM1 phase to the FAN phase and then to the FM2 phase. This line above which the magnetic moments are aligned along the magnetic field ͑i.e., FM2 phase͒ is called line. 27, 30, 31 For temperatures above LP it has a second order transition form the FM1 to FM2. To complete the description of this phase diagram, there is a triple point ͑TP͒, where the SCR, FAN, and FM1 phases merge. Figure 1͑b͒ illustrates these transitions.
Magnetic field parallel to a axis (͗100͘)-hard axis. For low values of magnetic field, decreasing temperature, MnP also becomes ferromagnetic ͑FM1͒ at T C = 291 K, with its magnetic moment aligned along the c ͑easy͒ axis. Further cooling leads to a first order transition at T s = 47 K, from FM1 to the SCR structure. At low temperatures ͑Ͻ47 K͒, increasing magnetic field, SCR phase changes to a CONE phase, quite similar to the SCR phase; however, with a component along the a axis. Remember that, in this case, the magnetic field is applied along the ͗100͘ axis ͑a axis͒. Still increasing the magnetic field, the system changes to a FAN phase, oscillating about the a axis. Then, at high values of magnetic field, the system becomes fully polarized ͑FM2͒ along the a axis. This phase diagram is richer than the previous one ͑͗010͘ axis͒, and from 47 K up to the critical end point ͑CEP͒, 27, 30, 31 upon increasing magnetic field, the system has the same arrangements than before ͑Ͻ47 K͒; however, the ground state is FM1. Between CEP and LP the system changes from FM1 to FAN ͑first order transition͒ and then to FM2 ͑second order transition͒. For temperatures above LP, MnP has a second order transition, from FM1 to FM2. Details are given in Fig. 1͑a͒ .
III. EXPERIMENTAL DETAILS
Powders of manganese and phosphorus were sealed in an evacuated quartz double tube. The mixture was heated slowly ͑ϳ40°C / day͒ and kept 3 days at 900°C. The reacted powder was melted at 1210°C and the single crystal was grown by the Bridgman method at 1190°C from this reaction product. The melting point of MnP is 1140°C. The single crystal was further purified by the zone refining technique in a horizontal traveling furnace. The surface of the crystal was etched by nitric acid diluted with ethanol. The orientation of the crystal was determined by the x-ray Laue method. It has been confirmed by several neutron diffraction experiments that the mosaic spread of the crystal is quite small ͑less than 0.1°͒. Details of the sample preparation can be found in Ref. 33 . Magnetization was measured in a vibrating sample magnetometer ͑VSM͒ magnetometer at the University of Aveiro, Portugal.
The sample is a cuboid with sides: a = 1.50 mm, b = 2.07 mm, and c = 6.29 mm. The corresponding demagnetization factors ͑in SI units͒ are easy to obtain from Ref. 34 : N a = 0.506, N b = 0.375, and N c = 0.119. From the results presented in this paper it is possible to estimate the demagnetization field. Let us consider, for instance, the highest demagnetization factor, i.e., that along the a axis. Thus, in this case, for 4 K and 10 T the demagnetization field is only 0.2 T and, consequently, the true magnetic field is 9.8 T.
IV. MAGNETIZATION MEASUREMENTS
As described before, our objective is to understand and describe the influence of the strong magnetocrystalline anisotropy on the magnetocaloric properties of MnP single crystal. We need to know the complete magnetization map, i.e., M͑T , H͒ to obtain the magnetic entropy change ⌬S ͑a usual quantity to measure the magnetocaloric potential of materials͒, and it is done through the equation
It is important to underline a minor point. The first order transitions present in this material have no hysteresis and therefore we can consider that the equilibrium dynamics are faster than the measuring time. Thus, the system is in equilibrium and the Maxwell relation is valid. 35 When it is not the case, special care must be addressed. 36, 37 Thus, we first measured the magnetization as a function of temperature, with a low magnetic field ͑100 Oe͒, applied along the three main directions of the crystal: ͗100͘, ͗010͘, and ͗001͘. This result is presented in Fig. 2 ͑left panels͒ and shows two clear transitions, as described in the phase diagram ͑Sec. II͒. The first, at T C = 291 K, occurs from the paramagnetic phase ͑PM͒ to the ferromagnetic ͑FM1͒ phase, where the Mn moments are aligned along the c-easy axis, and the second transition, at T s = 47 K, occurs from the FM1 phase to the SCR phase. A minor point to clarify the labels: FM1 corresponds to the magnetic moment along ͗001͘ easy axis, whereas FM2 represents the magnetic moment along the applied field. Since these two cases are the same when H ʈ͗001͘, we generally call this ferromagnetic phase as FM ͓see Fig. 1͑c͒ , for instance͔. Figure 2 ͑right panels͒ is a clear example of the strong magnetocrystalline anisotropy in MnP single crystal and shows the magnetization as a function of magnetic field ͑up to 100 kOe͒ at 4 and 100 K, for those three crystallographic axes. We emphasize the agreement with the phase diagram described in Sec. II. The curves at 100 K do not have the phase changes as evident as those at 4 K.
As mentioned before, to obtain the magnetic entropy change we need to measure M͑T , H͒ around the magnetic transition. Thus, we measured those curves around T s =47 K ͓Fig. 3 ͑left panels͔͒ and T C = 291 K ͓Fig. 3 ͑right panels͔͒, for those three main crystallographic axes. To clarify and confirm that phase diagram presented in Fig. 1 , we show in Fig. 4 the magnetization as a function of temperature for several values of applied magnetic field, obtained by a treatment of those data of Fig. 3 .
V. MAGNETIC ENTROPY CHANGE
From those data presented in the previous section and using Eq. ͑1͒ it is possible to determine the magnetic entropy change. Below we will discuss the behavior of this quantity when the magnetic field is applied along those three directions. The vertical dotted lines that appear in the figures of this section limit temperature ranges where there is a change in the magnetic arrangement due to the applied field. For instance, SCR→ CONE means that the system, under a certain value of applied field, changed its magnetic arrangement from SCR to CONE phases.
A. Low temperature contribution
MCE of H ʈ͗100͘: Around T s = 47 K there are five magnetic arrangements, namely, SCR, CONE, FAN, FM1, and FM2 ͑see Sec. II͒. Below 47 K we found a positive magnetic entropy change, where the system changes its arrangement from SCR to CONE ͓see Fig. 5͑a͔͒ . From this fact we can conclude that the SCR phase has a smaller magnetic entropy and is therefore more stable than the CONE phase. Around 47 K and for magnetic fields higher than 20 kOe there is a quite narrow range of temperatures where the FAN phase arises ͑between the CONE and FM1 phases-this behavior is a bit different than that presented in Fig. 1͒ . See Fig. 4͑a͒ for details. Due to the quite narrow temperature range, it is difficult to determine the magnetic arrangement from only magnetic measurements; however, the most probable arrangement, following the phase diagram of Fig. 1 , is the FAN phase. We found therefore a deep minimum in the magnetic entropy curve ͓Fig. 5͑a͒-top͔; in other words, a negative ⌬S when the arrangement changes from SCR to FAN. This behavior is no more observed for ⌬H Ͻ 20 kOe ͓see Fig. 5͑a͒-bottom͔. MCE of H ʈ͗010͘: As described in Sec. II, increasing magnetic field, there are four magnetic arrangements around T s = 47 K, namely, SCR, FAN, FM1, and FM2. Below 47 K, we found a positive magnetic entropy change when the system changes its arrangement from SCR to FM2 and FAN phases ͓see Fig. 5͑b͔͒ . We conclude from this fact that the SCR phase has a magnetic entropy smaller than the FM2 and FAN phases and, consequently, is more stable. This fact is confirmed by the zero magnetic entropy change for magnetic field changes within the SCR phase ͓⌬H Շ 5 kOe, namely, 5 kOe ͑blue curve͒ and 1 kOe ͑red curve͒ see Fig. 5͑b͒-bottom͔; i.e., this phase is stable enough that those values of magnetic field are not able to change the entropy of that phase ͑SCR͒.
A different scenario arises above 47 K, where the magnetic entropy change is negative. Here, the magnetic entropy of the FM1 phase is bigger than the FM2 and FAN phases; and is, consequently, less stable than the FM2 and FAN arrangements. Figure 5͑b͒ -top clarifies the above discussion, for magnetic field change from zero up to above the line. Figure 5͑b͒ -bottom also sketches those words, however, for intermediate values of magnetic field change.
MCE of H ʈ͗001͘: In a similar fashion as described before, for temperatures below 47 K the magnetic entropy change is positive, indicating that the SCR phase is more stable than the FM phase. We remember that in this case FM= FM1 = FM2, since the magnetic moment is aligned along the ͗001͘ directions ͑FM1͒ and also along the magnetic field ͑FM2͒; thus, we generally call this phase as FM. Again, the magnetic field change within the SCR phase is not able to change the entropy of this phase and, consequently, the corresponding magnetic entropy change is zero. Above 47 K, the magnetic entropy change becomes negative, indicating, in this case with only one arrangement above 47 K ͑FM͒, the usual behavior of increasing entropy by decreasing magnetic field. Details are sketched in Fig. 5͑c͒ .
B. High temperature contribution
MCE of H ʈ͗100͘: As shown in Fig. 6 , the magnetic entropy change above the Curie temperature T C = 291 K, i.e., in the paramagnetic phase, is negative, as expected. Below T C in a limited temperature range ͑from FM1 to FM2͒, the magnetic entropy change is also negative; and shows that the FM1 phase has a bigger magnetic entropy than the FM2 phase. Thus, FM2 is more stable than the FM1 phase.
On the other hand, the magnetic entropy change becomes positive when the magnetic field change is not enough to cross the line, i.e., the arrangement does not change and remains within the FM1 phase. It means that magnetic entropy of the FM1 phase under applied magnetic field ͑below the line͒ is bigger than the magnetic entropy with a lower value of magnetic field ͑or even a zero magnetic field͒. Consequently, we conclude that the FM1 phase without magnetic field is more stable than the same phase with applied magnetic field ͑below the line͒. This conclusion is reasonable, because the strong magnetocrystalline anisotropy tends to align the magnetic moment along ͗001͘ direction ͑FM1͒, and this situation has a lower entropy than the "perturbed" case where the spins are submitted to a magnetic field ͑below the line͒ along the ͗100͘ direction. Figure 6͑a͒ clarifies this scenario. Note that these positive values agree with the same measurement at low temperatures ͓see Fig. 5͑a͔͒ .
MCE of H ʈ͗010͘: In a similar fashion as before, the magnetic entropy change ͑a͒ within the paramagnetic phase and ͑b͒ between the FM1 and FM2 phases are both negatives, as expected. In addition, the magnetic entropy change is ͑al-most͒ zero changing the arrangement within the FM1 phase. It means that applying the magnetic field ͑below the line͒ along the ͗010͘ direction does not change the entropy of the system ͑different from the ͗100͘ case, where the entropy evi- MCE of H ʈ͗001͘: It is the simplest case and has a usual magnetic entropy change curve, without changes in the magnetic arrangement by changing the magnetic field. Figure  6͑c͒ presents these results.
VI. ADVANTAGES OF THE MAGNETOCRYSTALLINE ANISOTROPY FOR MAGNETOCALORIC APPLICATIONS
In this section we analyze the advantages of the magnetic anisotropy for magnetocaloric applications around the Curie temperature ͑T C = 291 K͒, which is close to room temperature ͑RT͒. It is expected, due to the anisotropy, that the magnetic entropy change measured with the magnetic field applied along the hard direction be smaller than that along the easy direction, and indeed it is ͓see Fig. 7͑a͔͒ . We can note that there is 1.5 J / kg K ͑at 50 kOe͒ of entropy change between those curves ͑around T C ͒ and this energy can be achieved only rotating the crystal, from the hard to the easy direction under a fixed value of magnetic field. The magnetic entropy change due to this rotation is equal to the difference of entropy change due to the applied field along those hard and easy directions as follows:
Considering, of course, that the zero field entropy is isotropic, i.e., S 0 kOe ͗001͘ = S 0 kOe ͗001͘ = S 0 kOe . Figure 7͑b͒ presents therefore ⌬S 50 kOe ͗100͘→͗001͘ . We should emphasize the quite flat profile of the magnetic entropy change upon rotating the crystal. In spite of low absolute value of magnetic entropy change, it has a giant relative cooling power 38 due to the huge width at half maximum.
VII. FINAL REMARKS
The present paper has two branched ideas: from one side, we used the magnetic entropy change to understand the rich phase diagram of MnP single crystal, with several magnetic arrangements due to the strong magnetocrystalline anisotropy. We could discuss therefore which magnetic phase is more stable. From the other side, after Refs. 24 and 25, we could generally propose how to take advantage of the anisotropy for magnetocaloric applications: we could obtain a quite flat magnetic entropy change around the Curie temperature of the system ͑ϳ291 K͒ at a constant magnetic field, only rotating the crystal. This flat ⌬S is an advantage of the anisotropy, since a magnetic refrigerator based on this idea does not need to move permanent magnets, but only rotate a single crystal refrigerant material by 90°under a constant magnetic field. FIG. 7. ͑Color online͒ ͑a͒ Magnetic entropy change for 50 kOe of magnetic field change applied along the three main crystallographic axes ͗100͘, ͗010͘, and ͗001͘. This difference is therefore due to the strong magnetic anisotropy present in this MnP single crystal. ͑b͒ Magnetic entropy change for a fixed magnetic field ͑50 kOe͒, just rotating the crystal, from the hard ͑͗100͒͘ to the easy ͑͗001͒͘ direction. In other words, it is the magnetic entropy change due to the anisotropy.
